and abortive elongation.
Introduction been proposed in which P-TEFb alleviates the negative effect of DSIF by phosphorylating the pol II CTD (YamaThe elongation step of transcription is now recognized guchi et al., 1998). We have recently obtained evidence as a critical target for transcription regulation. An inin line with this model using a crude transcription system creasing number of elongation factors have been identi- (Wada et al. 1998b ). Nevertheless, DSIF alone had no fied, and the regulatory mechanism of elongation seems effect on purified pol II (see below), and as such, there to be as complex as that of transcription initiation (reremain many obstacles to be overcome before we can viewed in Reines et al., 1996; Uptain et al., 1997; Shilatiarrive at a complete understanding of the mechanism fard, 1998). The role played by the phosphorylation of of DRB-sensitive transcription elongation. the repetitive C-terminal domain (CTD) of pol II during To further characterize this process, we have estabelongation remains a major enigma. The CTD becomes lished a more defined transcription system that reconstiextensively phosphorylated during the transition from tutes DRB sensitivity in vitro. In this system employing transcription initiation to elongation and remains phosrecombinant GTFs and DSIF plus some partially purified phorylated during elongation (Dahmus, 1996 and referfractions, a requirement for an additional factor in DRBences therein). A nucleoside analog DRB is a specific sensitive transcription has emerged. The factor termed inhibitor of pol II elongation and of certain protein ki-NELF represses pol II elongation in conjunction with nases. Application of the drug markedly reduces the DSIF but appears to be normally counteracted by P-TEFbsynthesis of mRNA and, at the same time, eliminates dependent phosphorylation of the pol II CTD. This study phosphorylated pol II (pol IIo) from the cells ( and abortive elongation. adenovirus E4 promoter (Wada et al., 1991) . We utilized two different preparations of DSIF, a concentrated mixture of P.1 and P.3 achieved by ammonium sulfate precipitation (a P.1/P.3 concentration) and purified rDSIF. Using the P1.0 fraction, both DSIF preparations converted DRB-insensitive transcription to DRB-sensitive transcription ( Figure 1B ), in agreement with our previous results (Wada et al., 1998a ). In the reconstituted system, however, the addition of a P.1/P.3 concentration gave DRB sensitivity, but rDSIF did not ( Figure 1C , compare lanes 1 and 2, and 11 and 12). This raised the possibility that an additional activity present in the crude DSIF preparation (i.e., either P.1 or P.3) was required for DRBsensitive transcription. To test this, increasing amounts of P.1 or P.3 were added together with rDSIF to the reconstituted system. Within a range of P.3 concentrations that had little effect alone (lanes 5-10), P.3 and rDSIF together dramatically induced DRB sensitivity We termed the novel factor NELF, since it represses pol (C) Transcription in the reconstituted system. The effect of crude and II elongation (see below). Using the reconstituted system purified DSIF preparations was compared using the reconstituted system containing the phenyl flowthrough (φFT), rTFIIB, rTFIIE, and plus rDSIF as an assay, NELF was purified from P.3 as rTFIIF. rDSIF alone did not induce DRB sensitivity in this system summarized in Figure 2A . NELF was separated from (lanes 11 and 12). Further addition of P.3 (P.3 dil) restored DRB DSIF at the DEAE Sepharose step (data not shown). sensitivity (lanes 13-18), indicating the presence of another DRB During the course of purification, however, we noticed sensitivity-inducing activity in P.3. that the effect of DRB gradually decreased. We suspected that P-TEFb might be limiting in the reaction and supplemented the reaction with a P-TEFb active fraction Results prepared as described in Experimental Procedures. The addition of the P-TEFb fraction fully restored DRB sensiIdentification of Another DRB tivity, and thus we were able to measure NELF activity Sensitivity-Inducing Activity up to the last purification step. In the mono S fractions, In a previous study (Wada et al., 1998a) , we fractionated NELF activity was found between fractions 22-26 only HeLa nuclear extract by phosphocellulose column chroin the presence of P-TEFb ( Figure 2B, top) . Finally, we matography into four fractions, which we referred to as established a transcription system that induces DRB P.1, P.3, P.5, and P.85 (the number denotes the KCl sensitivity, depending on three different factors, NELF, concentration of the elution buffer). Pol II and most of DSIF, and P-TEFb. the GTFs were found in fractions P.5 and P.85, and a SDS-PAGE and silver staining of the mono S fractions combination of these two fractions reconstituted tranrevealed five different bands of 66, 61, 59, 58, and 46 scription activity. However, this transcription was not kDa associated with NELF activity (Figure 2B , bottom). sensitive to DRB, which could only be restored when On the next gel filtration column, these polypeptides the reaction was supplemented with either fractions P.1 were coeluted between fractions 5-9, indicating that or P.3. Using such assays, we were able to purify DSIF they comprised one multimeric complex with a molecufrom P.1 and P.3 (Wada et al., 1998a) . lar mass of ‫003ف‬ kDa ( Figure 2D ). NELF activity was To understand the mechanism of DRB action, a more present in these fractions, but this activity was low due defined transcription system that reconstitutes DRB to protein dilution. We refer to the five polypeptides sensitivity was required. To this end, fraction P1.0 (the as NELF-A to -E in accordance with their decreasing 0.3-1.0 M KCl step from P11 and almost relevant to a molecular weights. Since the five bands had roughly the mixture of P.5 and P.85) was passed through DEAE same intensity after silver staining, they may form a Sepharose and phenyl Superose columns as outlined heteropentamer. in Figure 1A . At this phenyl Superose step, general tranWe next assessed the functional relationship between scription could be reconstituted with recombinant (r) NELF and P-TEFb ( Figure 2C ). Without P-TEFb, NELF TFIIB, rTFIIE, rTFIIF, and the phenyl flowthrough fraction potently repressed transcription irrespective of the pres-(φFT), which contains TFIID, TFIIH, and pol II. As a temence of DRB (lanes 1-6). The addition of the P-TEFb plate, we used a supercoiled plasmid pTF3-6C 2 AT carrying a 380 bp G-free cassette under the control of the fraction resulted in a partial reversal of the repressed 12) . In contrast, a marked inhibition was observed when both were added together (lanes 13-16). discrepancy might be due to certain contaminating factors present in the P-TEFb fraction. Taken together, Therefore, we conclude that DSIF and NELF exert a negative effect directly on pol II. Proteins used in this these results indicate (a) that NELF represses transcription in the absence of P-TEFb, and (b) that P-TEFb someassay were analyzed by SDS-PAGE and silver staining ( Figure 3B ). Pol II was mostly in the IIa form, and rDSIF how counteracts this repression.
(2 l) and purified NELF (2 l) were present in excess over pol II. The amounts of pol II and P-TEFb present NELF Acts Cooperatively with DSIF in the reconstituted system were roughly the same as To elucidate the relationship between DSIF and NELF, the amounts of these factors, as estimated by immuwe next tested their effect in the reconstituted system noblotting (data not shown). lacking P-TEFb ( Figure 3A) . A template pML-dC 2 AT carrying a 270 bp G-free cassette under the control of the adenovirus major late promoter (Watanabe et al., 1990)
Effect of DSIF and NELF on Different Forms of Pol II P-TEFb counteracts the repression induced by DSIF was additionally used in the following assays. DSIF or NELF alone had little effect. In contrast, they repressed and NELF ( Figure 2C ). Since the pol II CTD has been suggested to be a primary target for phosphorylation transcription from the E4 promoter when added together and, at the same time, resulted in the accumulation of by P-TEFb, it seems reasonable to propose that CTD phosphorylation modulates the negative effect of DSIF shorter transcripts. Thus, DSIF and NELF cooperatively repress transcription. pML-dC 2 AT was less sensitive and and NELF. To test this, pol IIo, pol IIa, and the CTDless form of pol II (pol IIb) were prepared, and their required higher doses of DSIF/NELF for repression (for example, compare lanes 2, 4, and 6 of Figure 5C ). The susceptibility to DSIF and NELF was compared. The integrity of these polymerases was verified by silver differential effect is not due to the nature of the promoters but reflects primarily the difference in transcript staining ( Figure 3D ). In the absence of DSIF and NELF, the three forms of pol II showed similar elongation activlength between the templates ( IIo form using P-TEFb and dATP and used in the assay. NELF (lane 2). In addition, RD cofractionated with NELF activity through several purification steps (unpublished The IIo form thus prepared was also resistant to DSIF and NELF (data not shown). From these results, we condata). Thus, we conclude that NELF-E is identical to RD. Importantly, RD was found in both P.3 and P1.0, but not clude that CTD phosphorylation by P-TEFb (and possibly other kinases) makes pol II resistant to repression in P.1 (data not shown). This observation provides an answer as to why there was no requirement for NELF by DSIF and NELF. Since pol IIb was susceptible to when the original P1.0 system was employed ( Figure 1B ). DSIF and NELF ( Figure 3E ), the CTD is dispensable for the repression.
Immunodepletion of NELF from HeLa Nuclear Extract
To determine whether NELF-E/RD is required for NELF Molecular Cloning of NELF-E activity, RD was immunodepleted from HeLa nuclear To determine the identity of NELF complex, the NELF mono S fractions were subjected to SDS-PAGE, and the band of 46 kDa corresponding to NELF-E was excised and subjected to Lysyl-C digestion. Two peptide sequences were obtained for microsequence analysis. In a search of the databases, the two sequences were found to match part of the predicted human RD protein were added back to the depleted extract ( Figure 5D ). In both cases, the addition of NELF repressed transcription in the presence of DRB and restored DRB sensitivity. steps. In contrast, elongation complexes synthesizing ing either the normal nuclear extract (left) or the extract 50-60 nt or longer transcripts were sensitive to DRB and depleted of NELF and P-TEFb (right), and the transcripts NELF, which were relatively processive in their absence. were analyzed using a set of oligonucleotide primers.
The qualitative change seems to occur between posiIn the former case, DRB sensitivity was examined, and tions ϩ30-40 and ϩ50-60 in a sequence-independent in the latter case, the extent of NELF repression was manner, because the same transition was observed usdirectly measured in the absence of P-TEFb. The above ing a different template (data not shown). Since longer graphs show the survival curves of transcription comtranscripts were more sensitive to DRB and NELF, it is plexes as a function of their distance from the transcriplikely that DSIF and NELF can act on elongation comtion start site. Note that the extension products reflect plexes located even further downstream. the amount of transcription through the primer positions To directly determine whether DSIF and NELF act as well as the amount of shorter transcripts which can on isolated elongation complexes, the oligo dC-tailed anneal to the 3Ј-portion of the primers. This limits the template was devised to carry a 380 bp C-free cassette resolution of the assay, which is, however, still higher at its dC end. Purified pol II and the template were than those of previous studies (Chodosh et al., 1989; incubated in the presence of NTP lacking CTP, and the Marciniak and Sharp, 1991). paused elongation complexes were allowed to form on We observed that a significant fraction of the initiated the template ( Figure 7B, lane 1) . Addition of CTP allowed the polymerase to resume RNA synthesis (lanes 2-5). complexes encountered a block to elongation between Addition of DSIF and NELF before CTP addition greatly reduced elongation by the paused pol II (lanes 6-15), indicating that DSIF and NELF exert a negative effect on elongation complexes that have transcribed stretches of DNA of several hundred nucleotides. 
Discussion

Interplay between Positive and Negative Elongation Factors
